Exerting manual forces is critical during occupational performance. Therefore, being able to estimate maximum force capacity is particularly useful for determining how these manual exertion demands relate to available capacity. To facilitate this type of prediction requires a complete understanding of how maximum force capacity is governed biomechanically. This research focused on identifying how factors including joint moment strength, balance and shoefloor friction affected hand force capacity during pulling, pressing downward and pushing medially. To elucidate potential limiting factors, joint moments were calculated and contrasted with reported joint strength capacities, the balancing point within the shoe-floor interface was calculated and expressed relative to the area defined by the shoe-floor interface, and the net applied horizontal forces were compared to the available friction. Each of these variables were calculated as participants exerted forces in a series of conditions designed to systematically control or restrict certain factors from limiting hand force capacity.
Introduction:
Incorporating human force producing capability into job design can be an effective method to match job demands with workers' functional capacity. Since the nineteenth century, researchers have measured force production in an effort to match individual capability with anticipated performance demands (Sargent, 1897) to optimize performance and minimize injury risk. However, measuring individual worker capabilities to facilitate this matching is time and cost intensive. Alternatively, models designed to predict force producing capability could enable designers to more readily match job demands with prospective worker capabilities. However, there have been few attempts to develop comprehensive predictive models (Grieve, 1979a; 1979b; Kerk et al., 1994) , and none designed to incorporate three dimensional tasks. This may be due to an incomplete understanding about how force capacity is limited.
Several factors, both extrinsic and intrinsic to the worker, can limit force producing capability during manual material handling exertions. Limiting factors include whole body balance (Kerk et al., 1998; Holbein & Chaffin, 1997) , shoe-floor friction (Kroemer, 1974) , handhandle friction (Seo et. al., 2010) , and individual joint moment strength (Chaffin, 1997) .
Whole body balance, as a factor limiting occupational performance, has been operationally defined within the paradigm of postural stability. Postural stability is achieved when static moment equilibrium is met (Grieve, 1979a; 1979b; Kerk et al., 1994) . In this paradigm the hand force and the force of gravity acting on the centre of mass (COM) each contribute moments about a balancing point or fulcrum within the area defined by the shoe-floor interface and must balance to achieve static equilibrium. Maximum pulling force for example (Figure 1 ), could therefore be achieved by shifting the balancing point as far forward as possible while concurrently shifting the COM posteriorly. This strategy serves to increase the moment Shoe-floor friction and hand-handle friction can also be limiting factors, though they may be less likely to limit performance under most conditions. Grieve (1983) concluded that friction is most likely the limiting factor only during conditions where the coefficient of friction is greatly reduced. Similarly, Seo et al., (2010) demonstrated that hand-handle friction is also most limiting only when it is greatly reduced, and further, it can be eliminated as a constraint if the handle is perpendicularly to the hand.
The purpose of this research was to investigate how maximum unilateral hand force capability changed during pulling, pressing down, and medially pushing under different experimental conditions designed to systematically eliminate and control prospective limiting factors (whole-body balance, shoe-floor friction, and joint strength). We aimed to provide improved clarification to understand what specific performance limiters are most likely to impact unilateral hand force capability as the direction of force application was manipulated.
Methods:
Participants A convenience sample of fourteen right hand dominant male university students (stature:
1.78 ± 0.08 m; body mass: 80.3 ± 10.9kg) participated. According to an a priori power analysis, a minimum of fourteen participants was necessary to provide >80% power to detect significant differences between mean hand forces with an effect size greater than 0.4 when using an alpha level of 1%. The study exclusion criteria were self-reported upper extremity or low back disorders or pain within the previous year. The research protocol was approved by the university research ethics review board.
Instrumentation
Three-dimensional motion was tracked using an 8-camera Vicon MX20 System (Vicon, Oxford, UK). Thirty-eight individual markers were placed over anatomical landmarks including the C7 and L5 vertebrae, over the suprasternal notch, xiphoid process, and bilaterally over the 2 nd and 5 th metacarpals, radial and ulnar styloids, medial and lateral epicondyles, the acromion, ear, anterior superior iliac spine, greater trochanter, medial and lateral condyles of the knee, medial and lateral malleolus, the tip of the 1 st and 5 th metatarsals, and at the posterior border of the calcaneus. Additional marker clusters secured on rigid plates, were positioned over the sternum, and bilaterally over the forearm, upper arm, leg, shank, and over the top of the foot (shown in Figure 2 ). The marker clusters were used to track segment movement during experimental testing. A static calibration frame established the relationship between the clusters and the calibration markers over the anatomical landmarks, and subsequently joint centers and segment coordinate systems were described (Kingma et al., 1996) . Force was measured using an AMTI 6 degree-of-freedom transducer (MC3A, AMTI MA, USA), rigidly fixed to a custom handle to allow the participant to exert force in the specified directions (described below). Force was sampled synchronously with motion data at 50 Hz using VICON Nexus 1.2 software (Oxford, UK).
Experimental Protocol
Participants completed unilateral maximal exertions using their right arm, in the medial (pushing right to left, across the body), horizontal pull (inwards towards the body), and downward press (towards the floor) directions against a handle using a power grip. Each exertion was performed twice within each of the five experimental conditions. Participants completed each exertion within a five second window and were asked to ramp up to their maximum force during the first 1-2 seconds, and then sustain that maximum until the end of the five seconds (Chaffin, 1975) . A minimum of two minutes of rest was provided in between exertions (Chaffin, 1975) . The five experimental conditions were: This condition was intended to eliminate the influence of trunk strength as a possible limiting factor during downward exertions, and to further reduce balance as a possible constraint.
Exposure to experimental conditions was block randomized, whereby participants completed exertions within the blocks of SWFP, FFP, and the group of HF, LBB, and UBB in a 
Data Analysis
Three types of information, corresponding to each limiting factor category, were extracted from the data to determine which biomechanical factor was most likely limiting performance during each exertion, where specific evaluation criteria are detailed below and summarized in Table 1 .
Strength limitations:
Elbow and shoulder strength limitations were determined by calculating net joint moments at the elbow and shoulder and expressing those moments as a percentage of the angle corrected maximum predicted threshold strength values for a 50 th percentile male, obtained using equations provided in the literature (Chaffin et al., 2006) . If the normalized moment reached or exceeded 100% of the predicted maximum threshold it was deemed limiting. Shoulder and elbow moments were calculated using a 3D static linked segment model (adapted from Dickerson et al., 2007) based on the acquired force and posture information. For this study peak hand force was determined as the peak value resulting from a 500 millisecond moving window average over the raw force trace. The corresponding postural data was also extracted and averaged over the same 500 millisecond window.
Balance limitations:
The location of the balance point, or fulcrum, was calculated as the point along the shoe-floor interface that satisfied equations of static moment equilibrium about the anterior / posterior and medial / lateral axes. This is consistent with an approached used previously by Kerk et al., (1994) . The derivation of the balance point along the A/P axis is given below with reference to Figure 1 , where the Y direction is in the plane of progression and the Z direction is in line with gravity:
Simplifying equation 1 into a 2D case (solving about the A/P axis) yields:
where, F COMZ , F handZ , F handY are the respective Y and Z force components acting at the whole body COM and hand (known values), d handZ is the moment arm component along the Z axis between the grip centre and the floor (also a known value), while d COMY , and d handY are the respective moment arms along the Y axis, and remain unknown. However, they both depend on the location of the balance point. Therefore d COMY , and d handY can be expressed as:
where the location of the whole body centre of mass (WBcog y ) and grip center (Grip y ) are known. Then by substituting equations 3 and 4 into equations 2, the remaining unknown (BalancePoint y ) can be solved. This approach is underscored by the assumption that ground reaction forces can be model to act through a single centre of pressure (or balance point) between the two feet, a common assumption used in similar work (Holbein & Chaffin, 1997; Holbein & Redfern, 1997; Lee & Lee, 2003; Holbein-Jenny et al., 2007) . However, this assumption does not take into account the force coupling between the feet as they act independently to counter the axial moments about the body. This is a recognized limitation in the current work and affects the interpretation of biomechanical limitations when the applied hand force imposes axial moments about the balance point. This limitation is more completely presented in the discussion section.
Friction limitations:
The maximum available shoe-floor friction force was also calculated as the product of the normal force and a coefficient of friction (μ) of 0.525 (average co-efficient of friction during pushing and pulling on standard floors from Boocock et al., 2006) . The total horizontal hand force was then normalized to the maximum available friction force. During unconstrained exertions, the net horizontal hand force should theoretically remain below the available friction force; however if it exceeded that limit during corresponding high friction or braced exertions, and hand force increased, the non-braced exertion was considered to be friction limited.
Statistical Analysis
Repeated measures analyses of variance (ANOVA) were used to examine the effect of condition (SWFP, FFP, HF, LBB, UBB) on the peak hand force for each force direction. Nonparametric Wilcoxon signed ranks tests were conducted on each normalized dependent variable (corresponding to a possible limiting factor) as measured in each condition. The mean grouped response for each dependent measure was compared to the 100% criterion. If the measure was not significantly less than 100% threshold criterion (i.e. the null hypothesis was retained), it was inferred to be potentially limiting. In order to balance between the increased risk of type 1 error due to the number of comparisons, and the increased risk of type 2 error by applying a conservative Bonferroni correction, significance was set at p<0.01 for all comparisons. All statistical processing was completed using SPSS software (SPSS INC., Chicago, IL, USA). 
Downwards Exertions -Limiting Factors
Maximum downward exertions were likely strength limited, where the elbow extensor moment statistically reached the 100% strength criterion during each of the experimental conditions ( Figure 3) . The shoulder internal rotation moment and shoulder extension moment were also statistically equal to or greater than the 100% strength criterion for all conditions except UBB. The AP balance boundary criterion was also exceeded during downward exertions, but only during the LBB and UBB conditions.
Medial Exertions -Limiting Factors
A clear limiting factor for maximum medial exertions did not emerge for any condition except the LBB condition where the shoulder internal rotation moment statistically equaled the 100% strength criterion (Figure 4 ). The ML balance 100% criterion was statistically reached or © 2012 Human Kinetics, Inc. exceeded during the LBB and UBB conditions, and the AP balance boundary was additionally statistically reached during the UBB condition; however, due to the bracing in these conditions balance could not functionally limit performance.
Pulling Exertions -Limiting Factors
Maximal pulling exertions were differentially limited. During the braced conditions (LBB and UBB) the shoulder internal rotation moment statistically reached or surpassed the 100% strength criterion in both the LBB and UBB conditions ( Figure 5 ). During the SWFP and HF conditions, the AP boundary was reached or exceeded. None of the assessed thresholds were reached when pulling in the FFP condition.
Interpreting the Statistical Results -Detectable Effect Sizes
This study was designed to ensure that the ANOVA model was adequately powered to detect differences in hand forces with effect sizes greater than 0.4. However, many comparisons were also conducted using the Wilcoxon signed ranks. Therefore a post hoc analysis of the detectable effect size (Hoenig & Heisey, 2001 ) was conducted to determine how small of an effect could be detected at a power of 0.8. The result of this analysis indicated that this study was sufficiently powered to detect differences at the 0.01 alpha level (when using the Wilcoxon signed ranks test) with an effect size equal to or greater than 1.0. To aid in interpretation in the context of this project, for the null hypothesis to be retained (a weakest link variable reaching or exceeding its criterion threshold) the standard deviation for each measure had to be less than the difference between 100% and the mean normalized value for that measure. The effect sizes for each comparison are presented in table 2. As the effect size approaches 1.0 the risk of type II error increases, therefore comparisons where the null hypothesis was retained (the variable was inferred to be limiting) and where the corresponding effect size is approaching 1.0 should be interpreted with caution.
Discussion:
The main results of this study demonstrated that the downward exertions were likely limited by elbow or shoulder strength, where the pulling exertions were likely limited by AP balance. Although these insights may not be surprising, this work provides context to help understand the impact of biomechanical limiters as factors affecting occupational performance.
For example, AP balance is a likely factor to affect pulling force capability; but it is important to quantify its specific influence on capacity; pulling forces were nearly three times greater when balance was eliminated as a biomechanical constraint. Other unique findings include the lack of an identifiable limitation for medial exertions and the presence of a shoulder internal rotation strength limitation within all exertion directions.
Perhaps the most intriguing and impactful finding was the lack of an identifiable limitation for the medial exertions. Medial hand force was significantly affected between the SWFP-FFP and the SWFP-LBB conditions (Figure 4) , with none of the dependent measures reaching or exceeding threshold criteria. This suggests that the biomechanical limitation affecting this capacity was not likely measured in the current study design. Since a large medially directed hand force (at an extended reach distance) imparts a large axial moment about the body it is plausible that internal shoulder rotation strength or trunk axial rotation strength may limit performance in order to counterbalance the large external moment. However, in general, shoulder rotation strength did not reach or exceed its expected capacity (except during the LBB condition) suggesting that trunk axial rotation strength capacity may be a stronger force capability. Firstly, during downward exertions multiple strength thresholds were exceeded.
From a biomechanical perspective it is unlikely that two joints would reach their upper boundary at the same time. The reason for reaching multiple thresholds during the same exertion is likely a reflection of the data used to describe the upper boundaries (Chaffin et al., 2006) . It is well documented in the seminal work describing the development of these limits that they represent conservative estimates of strength (Schanne, 1972) . Therefore it may be more plausible that elbow extension strength is the true limiter during downward exertions as it further exceeded its conservative threshold. In terms of modeling hand force capacity the conservative strength thresholds may have a significant impact on the upper limit of a predicted hand force capacity.
The second joint strength based finding that is particularly interesting is the presence of a shoulder rotation strength limitation in at least one condition for each direction. It would be expected that shoulder joint adduction would be a likely limiter during medial exertions, whereas downward exertions could hypothetically be limited by extension strength. Conversely, for pulling, due to the force vector being so closely aligned with the shoulder joint centre, it would not likely be suspected as a limiter at all. The presence of a shoulder rotation limitation may be related to the off-axis hand force contributions, which commonly occur during maximum exertions in a specified direction (Hoffman et al., 2011) . For example when participants pulled, they often tended to produce off-axis downwards forces as well, likely through a combination of shoulder internal rotation, adduction and extension.
The suggestion that the off-axis forces acted to increase joint moments is not consistent with the current state of literature searching for principles to define why off-axis forces are produced. Most research to date has investigated pushing and pulling exertions, suggesting that off axis forces are created to help minimize joint moments, specifically at the joint that was © 2012 Human Kinetics, Inc. thought to limit performance (de Looze et al., 2000; Hoozemans et al., 2004; Hoffman et al., 2007) . However, previous research has not explored the possibility that balance may have limited those exertions, not joint strength, and the off-axis forces were generated to help protect against reaching a balance limitation. Based on the results here, the authors hypothesize that the off-axis forces may rather be used to help maintain balance. Consider Figure 1 , and picture the addition of an off-axis downward force, which would cause a reaction force aimed upwards on the figure. The moment contribution from this reaction force would aid the moment created by the COM in counteracting the moment produced from the reaction force due to pulling. In this example, the off-axis forces were not likely protecting against a joint strength limitation, but against the factor most likely limiting hand force capacity, in this case balance. These insights may be useful to further guide model development aimed at predicting maximum hand force capability by demonstrating how maximum force is produced, possibly by optimizing off-axis forces in a way that helps to protect against reaching a limiting threshold. Future work modeling hand force capacity should aim to include estimates of off-axis forces as they seem particular relevant as evidenced by the high shoulder moments that resulted during pulling, although the force vector in the desired direction closely aligned with the shoulder joint centre.
This study had inherent limitations and assumptions. Post-analysis, it was evident that a primary limitation was the lack of use of force plates to more readily detect how medial exertion strength was limited. The presence of this limitation invites future research advancing on this methodology to more completely measure and document force sharing and balance point distribution between the feet when performing medial exertions. A second limitation or assumption that is important to highlight is the presumption of a balance limitation. When participants were braced to eliminate the potential to lose balance; ankle, knee and hip strengths "Original Research: The Roles of Whole Body Balance, Shoe-Floor Friction and Joint Strength During Maximum Exertions: Searching for the "Weakest Link"" by Fischer SL, Picco BR, Wells RP, Dickerson CR Journal of Applied Biomechanics © 2012 Human Kinetics, Inc. were also constrained, making it impossible to partition out balance as a limiter. However, ankle strength remains unlikely as a limiting factor. Ankle plantar flexor strengths, normalized to body weight and height are reportedly between 5.94 -8.06 Nm in older adults (Pavol et al., 2002; Grabiner et al., 2005) , which would provide sufficient ankle strength capacity to meet the ankle moment demands calculated in the present work. In addition, errors arising from the postural data collection, such as inter-trial skin motion and marker placement accuracy, and the use of population-based anthropometric tables to estimate segment masses, may have caused some uncertainly in the balance point calculation and the linked segment modeling outcomes. These effects were mitigated through the use of rigid clusters to help reduce potential artifacts in the motion capture data (Kingma et al., 1996) and the error from the use of anthropometric tables should be randomly distributed across participants.
This study applied a novel methodology to deduce when specific factors may limit hand force capacity, and further, how they correspond to the underlying biomechanics of the system. It is evident from this work that the prediction of maximum hand force capacity depends on the primary and off-axis hand forces, the posture and the distribution of forces between the feet.
These insights may provide a framework to help understand how posture could be manipulated or controlled within this paradigm to optimize force production through the upper extremity. The force of gravity acting at the centre of mass ( ) creates a moment about the balance point (where F COM is the force and r COM is the moment arm to the balance point) which must counterbalance the moment from the reaction force at the hand (where F hand is the reaction force and r hand is the moment arm to the balance point) to achieve equilibrium or postural stability. However equilibrium must be achieved while satisfying the constraint that the balance point must remain with the area defined by the shoe-floor interface (thin white lines marking the anterior and posterior limits of the feet). 
